The molecular mechanisms by which RNA viruses induce apoptosis and apoptosis-associated pathology are not fully understood. Here we show that flock house virus (FHV), one of the simplest RNA viruses (family, Nodaviridae), induces robust apoptosis of permissive Drosophila Line-1 (DL-1) cells. To define the pathway by which FHV triggers apoptosis in this model invertebrate system, we investigated the potential role of Drosophila apoptotic effectors during infection. Suggesting the involvement of host caspases, the pancaspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluromethylketone (z-VAD-fmk) prevented FHV-induced cytopathology and prolonged cell survival. RNA interference-mediated ablation of the principal Drosophila effector caspase DrICE or its upstream initiator caspase DRONC prevented FHV-induced apoptosis and demonstrated direct participation of this intrinsic caspase pathway. Prior to the FHV-induced activation of DrICE, the intracellular level of inhibitor-of-apoptosis (IAP) protein DIAP1, the principal caspase regulator in Drosophila melanogaster, was dramatically reduced. DIAP1 was depleted despite z-VAD-fmk-mediated caspase inhibition during infection, suggesting that the loss of DIAP1 was caused by an upstream FHV-induced signal. The RNA interferencemediated knockdown of DIAP1 caused rapid and uniform apoptosis of DL-1 cells and thus indicated that DIAP1 depletion is sufficient to trigger apoptosis. Confirming this conclusion, the elevation of intracellular DIAP1 levels in stable diap1-transfected cells blocked caspase activation and prevented FHV-induced apoptosis. Collectively, our findings suggest that DIAP1 is a critical sensor of virus infection, which upon virus-signaled depletion relieves caspase inhibition, which subsequently executes apoptotic death. Thus, our study supports the hypothesis that altering the level or the activity of cellular IAP proteins is a general mechanism by which RNA viruses trigger apoptosis.
Numerous RNA viruses cause apoptosis of their host cell. As a programmed suicide response widely conserved among vertebrates and invertebrates, apoptosis removes damaged or unwanted cells. These cells undergo chromatin condensation, DNA fragmentation, mitochondrion disruption, and plasma membrane blebbing, which culminate in cytolysis (reviewed in reference 25). Thus, virus-induced apoptosis is associated with cell destruction and tissue damage (14, 21, 37) . Because the inhibition of apoptosis can lessen disease severity, virus-induced apoptosis is thought to be a principal contributor to viral pathology (12, 35, 47) . Various pathogenic RNA viruses, including the flaviviruses, poliovirus, reovirus, Sindbis virus, human immunodeficiency virus type 1, and others, trigger an apoptotic response in their host (13, 36, 45, 57, 59) . Accordingly, diverse stimuli or events, including viral replication factors, disruption of the cell cycle, death receptor engagement, and inhibition of protein synthesis, can induce apoptosis during infection (reviewed in references 43, 53, and 56). However, despite the variety of infection-associated signals, the molecular events that engage death components within the host cell are poorly understood.
Here we report that flock house virus (FHV), one of the simplest animal viruses, induces widespread apoptosis in cultured Drosophila cells. FHV is the best-studied member of the Nodaviridae, a family of small, bipartite RNA viruses infecting insects, fish, and mammals (reviewed in references 1, 17, and 48). The icosahedral FHV virion contains two single-stranded, positive-sense genome RNAs, RNA1 (3.1 kb) and RNA2 (1.4 kb), which encode the RNA-dependent RNA polymerase (RdRp) designated protein A (112 kDa) and capsid precursor ␣ (43 kDa), respectively. FHV RNA replication takes place on the outer mitochondrial membrane (40) , and capsid assembly occurs in the nearby cytoplasm (20, 60) . During virion maturation, ␣ is cleaved to produce capsid proteins ␤ (38 kDa) and ␥ (5 kDa) (49) . The other major FHV-encoded protein is B2 (11 kDa), which is translated from a subgenomic RNA derived from RNA1. B2 is a potent suppressor of RNA silencing that contributes to FHV multiplication in Drosophila melanogaster (19, 38, 62) .
The relative simplicity of FHV, its well-characterized life cycle, and the vigor with which it multiples in Drosophila provide a unique opportunity for investigating the molecular mechanisms by which RNA viruses trigger apoptosis in an organism for which much is known about the host's apoptotic pathways. Here, we define pro-and antiapoptotic factors in Drosophila that participate in FHV-induced apoptosis. Apoptotic execution in Drosophila is strikingly similar to that in mammals, including the required functions of the cysteinyl aspartate-specific proteases known as caspases (reviewed in references 2, 24, 25, and 31). Drosophila encodes seven caspases, including the initiator caspase DRONC and the effector caspase DrICE, which are investigated here. Typical of vertebrate initiator caspases, DRONC proteolytically processes the zymogen proform of DrICE through a series of signal-induced cleavage events to generate an active heterodimeric complex composed of large and small subunits (34, 39, 55) . DrICE is an effector caspase that plays a critical role in development-and stress-induced apoptosis (reviewed in reference 24) .
Both DRONC and DrICE are subject to negative regulation by Drosophila inhibitor-of-apoptosis (IAP) protein DIAP1. A typical member of the large family of highly conserved IAP proteins (reviewed in references 46 and 54), DIAP1 (48 kDa) is the principal caspase regulator in Drosophila (reviewed in references 24 and 31) . DIAP1 binds to effector and initiator caspases through its defining baculovirus IAP repeat motifs. This interaction mediates caspase inhibition or caspase destruction by the ubiquitin proteosome pathway (6, 28, 39, 55, 61) . DIAP1 itself is regulated by baculovirus IAP repeat-mediated interactions with proapoptotic effectors, including Reaper, Hid, Grim, Jafrac2, and Sickle. These effectors displace the caspase(s) from DIAP1, liberating the inhibited proteases to execute cell death and destroying DIAP1 (reviewed in references 24 and 58). Recent findings that DIAP1 is destabilized by other unrelated factors, including, for example, Drosophila IK-related kinase and Drosophila serine protease dOmi (7, 32) , confirm the importance of maintaining a critical level of DIAP1 for cell survival. DIAP1 may therefore function as a key sensor of infecting pathogens in which signal-induced destabilization forces cell self-destruction in the face of a viral threat.
We report here that FHV-induced apoptosis in cultured Drosophila Line-1 (DL-1) cells is associated with a dramatic depletion of endogenous DIAP1. The loss of DIAP1 was accompanied by activation of the effector caspase DrICE. Both of the DIAP1-regulated caspases DRONC and DrICE were required for FHV-induced apoptosis. However, caspase activity was not responsible for DIAP1 diminution. Moreover, increasing the intracellular steady-state level of DIAP1 prior to the infection of DL-1 cells was sufficient to prevent FHVinduced apoptosis. Collectively, our findings indicate that DIAP1 is a critical regulator of FHV-triggered cell death. Thus, the invertebrate IAP proteins may function as critical sensors of virus infection capable of executing caspase-dependent suicide as a defense strategy on the part of the infected host.
MATERIALS AND METHODS
Cells and stably transfected cell lines. DL-1 cells (50) were propagated at 27°C in Schneider's medium (Invitrogen) supplemented with 15% heat-inactivated fetal bovine serum (HyClone). To generate stably transfected cell lines, DL-1 cells were transfected with DNA plasmid pMT-DIAP1
HA or pMT-lacZ (see below) by using DOTAP-DOPE {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate-L-phosphatidylethanolamine, dioleoyl (C 18:1 , [cis]-9)} and selected by including hygromycin B (Invitrogen) at 300 g per ml of serum-supplemented Schneider's medium. Drug-resistant cells were pooled and maintained in 300 g hygromycin B per ml of growth medium. Infections were conducted in the absence of drug selection. Metallothionein promoter-directed gene expression was induced by overlaying stably transfected cells with supplemented Schneider's medium containing 500 M CuSO 4 . Where indicated below, infections were conducted in medium containing CuSO 4 .
Viruses. FHV (51) was propagated in DL-1 cells with minor modifications from the method described previously (52) . FHV stocks were prepared by infecting DL-1 cells at a low multiplicity of infection (MOI) (5 PFU per cell), treating the infected cells and accompanying growth medium with 0.5% NP-40-0.1% ␤-mercaptoethanol (␤ME), and purifying released virus by sucrose gradient centrifugation. Virus titers were determined by plaque assay on DL-1 cell monolayers (52) that had been overlaid with 0.6% SeaKem ME agarose containing 62 g neutral red (Sigma) per ml of Schneider's medium to visualize plaques. Recombinant Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) vOpIAP (pIE1 prm opiap HA /⌬35K/lacZ;Op-iap HA , p35) was propagated and quantified as described previously (34) . DL-1 cell monolayers were inoculated with vOpIAP at an MOI of 20 in TC100 (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum. After 1 h, the inoculum was replaced with supplemented Schneider's medium and the cells were maintained at 27°C.
To quantify one-step virus production, DL-1 cell monolayers were inoculated with FHV (MOI ϭ 50) for 1 h. The cells were washed with phosphate-buffered saline, pH 6.2, and overlaid with supplemented Schneider's medium with or without 200 M benzyloxycarbonyl-Val-Ala-Asp-fluromethylketone (z-VADfmk) (Calbiochem) dissolved in dimethyl sulfoxide (DMSO). The cells and accompanying growth medium were collected 24 h later, treated on ice with 0.5% NP-40-0.1% ␤ME, and clarified by centrifugation (10,000 ϫ g). Infectious FHV was measured by plaque assay.
Cell survival. DL-1 cell monolayers (2.5 ϫ 10 6 cells per plate) were mock infected or infected with FHV (MOI ϭ 50) with or without 200 M z-VAD-fmk or the vehicle DMSO and photographed 24 h later by using an Axiovert 135TV (Zeiss) microscope with IP Lab Spectrum P software as described previously (34) . Surviving cells were readily distinguished from cells undergoing apoptotic blebbing. Values of cell survival shown represent the average numbers (Ϯ standard deviations) of surviving cells counted from six evenly distributed, nonoverlapping fields of view in a single plate of infected cells and averaged for three independent plates. The survival of DL-1 cells stably transfected with plasmid pMT-DIAP1
HA or pMT-lacZ with or without FHV infection and in the presence of 500 M CuSO 4 was determined similarly. All assays that quantified cell survival were preformed multiple times; the results of a representative experiment are presented in each case.
Antisera and immunoblot analyses. DIAP1-specific antiserum (anti-DIAP1) was generated by immunization of New Zealand White rabbits (University of Wisconsin Medical School Polyclonal Antibody Service) by using antigen consisting of N-terminally hexahistidine (His 6 )-tagged DIAP1 produced in Escherichia coli strain BL21(DE3) and purified by Ni 2ϩ affinity chromatography as described previously (3) . DRONC-specific antiserum (anti-DRONC) was generated similarly by using antigen consisting of C-terminally His 6 -tagged DRONC that lacked its 113-residue prodomain and that was produced and purified as described above. For immunoblot analysis, intact cells and apoptotic bodies were collected by centrifugation, lysed in 1% sodium dodecyl sulfate (SDS)-1% ␤ME, and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Proteins were stained with Bio-Safe Coomassie (Bio-Rad) or transferred to Immobilon-P polyvinyl difluoride (Millipore) or nitrocellulose (Osmonics, Inc.) membranes. Immunodetection was conducted with the following antisera diluted as indicated in parentheses: polyclonal rabbit anti-DrICE (1:5,000) (34), polyclonal rabbit anti-FHV protein A (1:6,000) (40), polyclonal rabbit anti-DIAP1 (1:2,000), mouse monoclonal antiactin (1:5,000) (BD Biosciences), polyclonal rabbit anti-DRONC (1:2,000), and mouse monoclonal antihemagglutinin (anti-HA) (1:1,000) (Covance). The membranes were incubated with goat anti-rabbit or goat anti-mouse immunoglobulin G conjugated to alkaline phosphate (Pierce) and developed using the CDP-Star chemiluminescence detection system (Roche).
Caspase assays. Infected cells were dislodged, collected by centrifugation, and lysed with caspase activity buffer consisting of 10 mM HEPES (pH 7.0), 2 mM EDTA, 5 mM dithiothreitol, 0.1% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate} (Pierce), and 1ϫ protease inhibitor (Roche). The cell lysates were clarified by centrifugation and caspase activity was measured by using the substrate N-acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (DEVD-amc) (Sigma) as previously described (33) . Values are reported as the average rates of fluorescent-product accumulation (relative light units [RLU]) Ϯ standard deviations at the times after infection indicated in Fig. 2 The plasmids used to produce dsRNA specific to egfp (enhanced green fluorescent protein), dark, dronc, and drice have been described previously (34) . For diap1-specific dsRNA, a plasmid containing nucleotides 431 to 1795 of diap1 (FlyBase; http://flybase.bio.indiana.edu/) was used (34) . RNA silencing. The generation of dsRNA and transfection methods were as described previously (34) . DL-1 cells transfected with dark-, dronc-, and dricespecific dsRNA by using DOTAP-DOPE were maintained in suspension for 3 to 4 days at 27°C by continuous shaking and then counted, plated, and inoculated with FHV. Cells transfected with diap1-specific RNA were maintained as monolayers until the times indicated in Fig. 5 .
Protein radiolabeling. One hour prior to the times indicated in Fig. 7 after mock or FHV infection, DL cell suspension (2.5 ϫ 10 6 cells) was withdrawn, collected by centrifugation (284 ϫ g), and suspended in 0.5 ml of phosphatebuffered saline (pH 6.8) containing 100 Ci of Trans 35 S Label (1,175 Ci/mmol, Ն70% methionine, Յ15% cysteine; ICN Biomedicals, Inc.) per ml. After a 1-h period of agitation at 27°C, the cells were collected, lysed in 1% SDS-1% ␤ME, and subjected to SDS-PAGE, followed by autoradiography or fluorography. The radiolabeling of host proteins was quantified by using a Typhoon 9400 scanner and ImageQuant software (GE Healthcare Life Sciences). Values for relative levels of host protein synthesis are reported as the average signal intensities (Ϯ standard deviations) of host proteins in FHV-infected cells (excluding FHV proteins A, B2, and ␣) divided by the signal intensities of host proteins in mock-infected cells at 2 h after infection, as determined from duplicate infections.
RESULTS

FHV induces apoptosis during multiplication in Drosophila cells. FHV causes extensive cytolysis upon the infection of DL-1 cells (11)
. The cytopathic morphology includes widespread membrane blebbing and vesicle formation (Fig. 1A , panel ii), which is similar to that caused by inoculation with an apoptosis-inducing baculovirus (Fig. 1A , panel iii). To determine whether apoptosis was the cause of the virus-induced cytolysis, we first tested the effect of caspase inhibition on these morphological effects. When added to DL-1 cells at the time of infection, the cell-permeable pancaspase inhibitor z-VAD-fmk suppressed FHV-induced membrane blebbing and cytolysis, as a majority of these cells remained intact (Fig. 1A , panel iv). The caspase inhibitor also extended the viability of FHV-infected DL-1 cells (Fig. 1B) . By 24 h after infection, the survival of z-VAD-fmk-treated cells was twofold higher than that of untreated cells or cells treated with the DMSO vehicle only. Nonetheless, cell growth was slowed or halted since mockinfected cells were two-to threefold more abundant than z-VAD-fmk-treated FHV-infected cells (Fig. 1B) . We concluded that FHV-induced cytopathology was caspase dependent.
To verify the involvement of host Drosophila caspases in FHV-induced cytopathic effects, we monitored caspase activity during the course of infection. By using DEVD-amc as a substrate, effector caspase activity was detected in cytoplasmic extracts of DL-1 cells by 12 h after infection ( Fig. 2A) , the time at which cell membrane blebbing was initiated. By 24 h, caspase activity was sixfold higher than that in mock-infected cells but lower than that in cells inoculated with an apoptosisinducing baculovirus ( Fig. 2A) . The rise in FHV-induced caspase activity paralleled the proteolytic processing of the Drosophila effector caspase DrICE (Fig. 2B) . Activation of DrICE requires processing of its inactive proform to large and small subunits (16) . In DL-1 cells, the large subunit of DrICE was detected between 8 and 12 h after infection and its level increased through 24 h after infection (Fig. 2B) . Thus, caspase activity and the accumulation of DrICE subunits coincided with FHV-induced cytopathology. We concluded that FHV induces a caspase-dependent apoptotic response in DL-1 cells.
FHV multiplication is not affected by apoptosis. It has been postulated that apoptosis represents an antivirus response, because premature suicide of the infected host cell often prevents or reduces virus replication (reviewed in references 43 and 56). Despite the widespread apoptosis and cytolysis in DL-1 cells, FHV multiplication was vigorous, as indicated by the high-level intracellular accumulation of FHV proteins A, ␣, and ␤ during the course of infection (Fig. 3A) . Nonetheless, to determine the possible effects of apoptosis on virus replication, we compared yields of infectious progeny in the presence and absence of the pancaspase inhibitor z-VAD-fmk. As determined by plaque assay, caspase inhibition had little effect on virus production at 24 h after infection (Fig. 3B) . We concluded that apoptosis has no effect on FHV multiplication in DL-1 cells. Also, caspase activity is not required for FHV replication or the maturation of infectious virus. DrICE, DRONC, and Dark are required for FHV-induced apoptosis. To investigate the mechanism by which FHV triggers apoptosis in its host cell, we next identified components in the Drosophila cell death pathway that are required for FHVinduced apoptosis. Because DrICE is a central component in the Drosophila apoptotic pathway (reviewed in reference 24) and DrICE was processed (Fig. 2B) , we first tested the involvement of this effector caspase in FHV-induced apoptosis. To this end, we used RNA silencing to deplete endogenous DrICE and then assessed the effect on the sensitivity of DL-1 cells to FHV-induced apoptosis. As a control for effects of dsRNA transfection, we used a dsRNA specific to the nonhomologous egfp gene. Upon the transfection of egfp-specific dsRNA, DL-1 cells remained susceptible to UV-induced apoptosis, whereas transfection with drice-specific dsRNA conferred resistance to UV-induced cell death (data not shown). Thus, functional inactivation of DrICE by RNA silencing was confirmed. Upon FHV inoculation, egfp-silenced cells underwent apoptosis but drice-silenced cells did not (Fig. 4A , compare panels i and ii). Immunoblot analysis indicated that proDrICE was depleted in drice-silenced cells and that no DrICE processing was detected (Fig. 4B) . Confirming the absence of active DrICE, FHV failed to increase intracellular caspase activity in drice-silenced cells as measured by DEVD-amc cleavage in cytoplasmic extracts (Fig. 4C) . In contrast, FHV triggered normal DrICE processing in egfp-silenced cells and intracellular caspase activity was three-to fourfold higher than that of uninfected cells (Fig. 4B  and C) . Nonetheless, the accumulation of FHV RdRp protein A in drice-silenced cells was comparable to that in the control cells (Fig. 4B ). This finding indicated that RNA silencing did not affect FHV entry or replication and suggested that virusinduced apoptotic signaling was normal. Since drice-specific dsRNA eliminated endogenous DrICE, reduced caspase activity, and prolonged virus-infected cell survival, we concluded that DrICE is a host component required for FHV-induced apoptosis. In many Drosophila tissues, DrICE proteolytic processing and activation requires initiator caspase DRONC and its cofactor Dark (2, 24, 31) . Thus, to determine the role of DRONC and Dark during infection, we treated DL-1 cells with dronc-or dark-specific dsRNA and tested for sensitivity to FHV-induced apoptosis. Demonstrating that dronc and dark were functionally inactivated, transfection with either dronc-or dark-specific dsRNA conferred resistance to UV-induced apoptosis (data not shown). Furthermore, dronc-specific dsRNA depleted DRONC below the levels of immunoblot detection (Fig. 4B) . Upon FHV infection, dronc-and dark-silenced cells failed to undergo apoptosis (Fig. 4A, panels iii and iv) . Levels of accumulation of FHV protein A were comparable in all dsRNAtransfected cells, indicating that virus entry and replication was normal (Fig. 4B) . Unlike in egfp-specific-dsRNA-treated cells, the processing of proDrICE was blocked upon the silencing of dronc and dark. Confirming this finding, intracellular caspase activity in FHV-infected cells silenced for dronc and dark was as low as that of uninfected cells (Fig. 4C) . We concluded that DRONC and Dark are also required for FHV-induced apoptosis through their role as activators of effector caspases, including DrICE. Thus, the mechanism by which FHV triggers apoptosis likely involves upstream effectors that regulate the activation of these Drosophila caspases.
FHV depletes endogenous levels of DIAP1. In Drosophila, DIAP1 is essential for cell survival through the negative regulation of caspases, including DRONC and DrICE (6, 28, 39, 55, 63, 64) . Our finding that DrICE, DRONC, and Dark participate in FHV-induced apoptosis suggested that DIAP1 is also involved. To test this possibility, we first monitored the levels of endogenous DIAP1 during the course of FHV infection. Immunoblot analysis using our affinity-purified polyclonal anti-DIAP1 readily detected DIAP1 in uninfected DL-1 cells (Fig.  5A) . However, as infection progressed, the levels of DIAP1 declined markedly; actin levels demonstrated equivalent protein loadings (Fig. 5A) . By 24 h after infection, DIAP1 was at or below the level of immunoblot detection. To determine if DIAP1 depletion was caspase mediated and thus was an indirect result of FHV-induced apoptosis, we tested the effect of caspase inhibition on DIAP1 levels. DIAP1 depletion occurred in the presence or absence of z-VAD-fmk (Fig. 5B) . The absence of processed DrICE (large subunit) in z-VAD-fmktreated cells (Fig. 5B ) demonstrated that caspase inhibition was accomplished. DIAP1 levels also declined in FHV-infected DL-1 cells silenced for dronc and dark (data not shown). Collectively, these findings indicated that FHV depletes endogenous DIAP1 by a caspase-independent mechanism.
To next determine if the loss of endogenous DIAP1 is suf- (Fig. 5C ). As expected, endogenous DIAP1 levels were significantly reduced in diap1-silenced cells compared to levels in control egfp-silenced cells (Fig. 5D, top) . Moreover, proDrICE was processed to its active large subunit (Fig. 5D, middle) , which coincided with the onset of apoptosis in the diap1-silenced cells. As expected, neither DrICE processing nor apoptosis occurred in cells transfected with egfp dsRNA. We concluded that DIAP1 depletion is sufficient to induce apoptosis. Thus, like DIAP1 in cultured Drosophila S2 cells (27, 41, 66) , DIAP1 in DL-1 cells appears to repress a constitutive proapoptotic signal. This finding is consistent with a mechanism in which the FHV-mediated reduction of DIAP1 activates apoptosis in host Drosophila cells.
Overexpression of DIAP1 inhibits FHV-induced apoptosis.
If the FHV-induced depletion of DIAP1 is the trigger for apoptosis, we reasoned that increasing the intracellular levels of DIAP1 by overexpression would compensate for the virusmediated loss of DIAP1 and thereby eliminate apoptosis. To test this possibility, we generated stably transfected, hygromycin B-resistant DL-1 cell lines that used the metallothionein promoter (pMT) to direct the inducible expression of diap1 or lacZ, as a control. An N-terminal epitope tag (HA) was used to distinguish overexpressed DIAP1
HA from endogenous DIAP1. The functionality of overexpressed DIAP1
HA was verified by the increased resistance of pMT-DIAP1 HA cells to UV radiation-induced apoptosis compared to that of pMT-LacZ cells (data not shown). Neither DIAP1
HA nor ␤-galactosidase had any obvious effects on growth rates or the morphology of the stably transfected DL-1 cells (Fig. 6A, panels i and ii) .
To determine the effect of DIAP1 HA overexpression on FHV-induced apoptosis, the stable cell lines were treated with Cu 2ϩ to induce gene expression and inoculated 24 h later with FHV. The pMT-DIAP1
HA cells failed to exhibit the typical cytolysis and membrane blebbing that was widespread among pMT-LacZ cells (Fig. 6A, panels iii and iv) . DIAP1
HA overexpression extended the viability of FHV-infected DL-1 cells (Fig. 6B) . By 48 h, the survival of infected pMT-LacZ control cells was reduced to less than 50% of that of infected pMT-DIAP1 HA cells, which were protected from apoptosis. These data also showed that FHV halts host cell growth since mockinfected cell numbers continued to increase over the 48-h period, whereas FHV-infected pMT-DIAP1
HA cells remained relatively constant (Fig. 6B) . Indicating that pMT-DIAP1 (Fig. 6C ). In addition, the 48-h yield of infectious FHV from DIAP1 HA -overproducing cells ([7.7 Ϯ 1.3] ϫ 10 9 PFU/ml) was comparable to that in control pMTLacZ cells ([7.8 Ϯ 3.5] ϫ 10 9 PFU/ml). Consistent with the lack of apoptosis, proDrICE was not processed in pMT-DIAP1 HA cells but was processed in apoptotic pMT-LacZ and parental cells (Fig. 6C) . As expected, DIAP1 levels in the pMT-DIAP1 HA cells were significantly higher than the level in the control cells. Although DIAP1 levels declined in each cell line during infection, the 24-h level of DIAP1 in pMT-DIAP1 HA cells was significantly higher than those in the two cell lines undergoing apoptosis (Fig. 6C) . We concluded that the overexpression of DIAP1 conferred resistance to FHV-induced apoptosis. Thus, our findings are consistent with a mechanism involving the FHV-mediated depletion of DIAP1, which leads to effector caspase activation and subsequent apoptotic death.
FHV inhibits host protein synthesis in Drosophila cells. Our findings suggested that DIAP1 disappearance is the result of an upstream, virus-mediated signaling event. Here, we considered the simple possibility that FHV depletes DIAP1 indirectly by inhibiting host protein synthesis. Thus, by virtue of its short (30-to 45-min) half-life, DIAP1 would turn over faster than it is synthesized, thereby reducing the intracellular pool of DIAP1 (63, 65) . To determine the extent to which FHV affects host protein synthesis, we first measured rates of synthesis by radiolabeling DL-1 cells at intervals after infection with [ 35 S]methionine-cysteine. Whereas FHV ␣ and B2 were the most prominent proteins synthesized, radiolabeling of host protein declined markedly through infection (Fig. 7A) . The decrease in host protein synthesis was most pronounced between 4 and 8 h after infection, as indicated by a quantitative analysis of radiolabeled host proteins (Fig. 7B) . To determine if caspase activity, and thus apoptosis, was responsible for this virus-induced translational arrest, we compared the radiolabeling of host proteins in the presence of the caspase inhibitor z-VAD-fmk with that in its absence. Caspase inhibition had no effect on the FHV-mediated inhibition of host protein synthesis (Fig. 7A) . Thus, the observed shutoff of host protein synthesis was caspase independent. We concluded that FHV inhibits host protein synthesis and that this shutoff may contribute to DIAP1 depletion.
DISCUSSION
RNA viruses induce apoptosis, which often accounts for the viral pathogenesis exhibited by an infected host. However, the HA , and parental DL-1 cell lines were mock infected or infected with FHV (MOI ϭ 50) in the presence of Cu 2ϩ . SDS total cell lysates prepared at the indicated times (h) after infection were subjected to immunoblot analysis with anti-protein A, anti-DIAP1, anti-HA, anti-DrICE, and antiactin (top to bottom, respectively). ␣, anti; Lg sub, large subunit.
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SETTLES AND FRIESEN J. VIROL. molecular mechanisms by which these viruses trigger apoptosis by engaging the host cell's death machinery are only now being defined. We have used the experimentally advantageous model system of Drosophila to identify host cell components that participate in apoptosis induced by a relatively simple but prolific RNA virus, FHV. We report here that FHV induces apoptosis in cultured Drosophila cells by activating a prototypical initiator-effector caspase pathway. Our findings indicated that cellular DIAP1 negatively regulates this caspase pathway and suggested that the FHV-induced destruction of DIAP1 is the trigger for apoptosis. Thus, our study is consistent with the hypothesis that DIAP1 functions as a critical sensor of virus infection that can initiate host cell suicide in an attempt to eliminate the virus threat. Moreover, the cellular-IAP-regulated activation of caspases may represent a general mechanism by which host cells respond to virus infections. FHV-induced activation of the Drosophila DRONC3DrICE pathway. We have shown that FHV triggers caspase-mediated apoptosis in cultured DL-1 cells. RNA-mediated gene silencing indicated that the effector caspase DrICE is necessary for this suicide response (Fig. 4) . DrICE is also required for the apoptosis that is induced in DL-1 cells by inoculation with the baculovirus AcMNPV (34), a large DNA virus infecting lepidopteran hosts (moths and butterflies). Thus, DrICE mediates not only development-and stress-induced apoptosis in Drosophila (24, 31) but also apoptosis triggered by either RNA or DNA viruses. The observed requirement of DRONC and Dark (Fig. 4) , the apical caspase and its cofactor involved in normal development and stress responses in Drosophila (24) , indicated that FHV triggers the activation of the classical DRONC/ Dark3DrICE pathway, which executes cell death (Fig. 8) . It is possible that other Drosophila caspases, including effector caspase DCP-1, function in this FHV-induced pathway.
FHV-induced apoptosis by DIAP1 depletion. The participation of DRONC and its involvement in DrICE activation (Fig.  4) implicated DIAP1 in FHV-induced apoptosis. By virtue of its negative regulation of caspases, DIAP1 is a critical survival factor in Drosophila (24, 31, 58) . In particular, the steady-state level of intracellular DIAP1 is a key determinant of cell survival (27, 41, 66) . As such, DIAP1 is subject to multiple levels of regulation that affect its concentration and anticaspase activities (see below). FHV infection reduced DIAP1 levels at a rate inversely proportional to caspase activation ( Fig. 5 and 6 ). Although DIAP1 binds and inhibits active DrICE and inhibits DRONC by binding and stimulating DRONC degradation, DIAP1 is also cleaved by caspases (6, 15, 28, 39, 42, 55, 63, 64) . However, the possibility that active caspases depleted DIAP1 during infection was ruled out by the finding that the pancaspase inhibitor z-VAD-fmk had no effect on the virus-induced loss of DIAP1 (Fig. 5) . We concluded that DIAP1 depletion is mediated by an event occurring upstream of caspase activation. Factor X is a virus or host factor that inactivates and destabilizes DIAP1 or does so by contributing to host protein synthesis shutoff that also depletes DIAP1 because of DIAP1's short half-life. The loss of DIAP1 releases the inhibition of the initiator caspase DRONC, which subsequently activates the effector caspase DrICE. Both caspases and possibly others are required for FHV-induced apoptosis. DIAP1 plays a central role in arbitrating virus-induced cell death since an increase or decrease in the steady-state level of DIAP1 prevents or triggers apoptosis, respectively.
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Several of our experimental observations suggested that the loss of DIAP1 was responsible for FHV-induced caspase activation. First, when RNA silencing was used to deplete DIAP1, DL-1 cells underwent rapid and uniform apoptosis with concomitant DrICE activation (Fig. 5C and D) . Thus, DIAP1 depletion is sufficient to trigger apoptosis, suggesting that DIAP1 inhibits a constitutive apoptotic signal in DL-1 cells, like that of Drosophila S2 cells (27, 41, 65, 66) . Second, when the intracellular level of DIAP1 was raised through inducible diap1 HA expression, DL-1 cells were protected from FHVinduced apoptosis (Fig. 6) . Interestingly, the level of overexpressed DIAP1 was also reduced during FHV infection but never below the level of detection. This observation suggested that overexpressed DIAP1 was subject to the same mechanism of depletion, but because DIAP1 levels were sufficiently high, caspase activation was blocked. Collectively, these findings indicated that DIAP1 regulates the caspases responsible for FHV-induced apoptosis (Fig. 8) .
Mechanism of FHV-mediated depletion of DIAP1. Considering the short half-life (30 to 45 min) of DIAP1, a straightforward explanation for the observed loss of DIAP1 during infection involves the virus-induced inhibition of host protein synthesis. In a pattern typical of many RNA viruses, FHV caused a rapid inhibition of host protein synthesis despite accelerated virus protein synthesis (Fig. 7) . The shutdown of protein synthesis coincided with DIAP1 depletion and DrICE activation. Because DRONC and DrICE are significantly more stable than DIAP1 (65; E. Settles, E. Lannan, and P. Friesen, unpublished data), virus-mediated inhibition of DIAP1 synthesis depletes DIAP1 more rapidly than the caspases, thereby relieving the DIAP1-mediated inhibition of DRONC and allowing caspase activation (Fig. 8) .
The inhibition of host protein synthesis is associated with the onset of apoptosis by several RNA viruses, including arthropod-vectored vesicular stomatitis virus and bunyavirus (8, 30) . The bunyavirus nonstructural protein NSs is a host protein synthesis inhibitor that bears sequence similarity to the Drosophila prodeath protein Reaper and exhibits analogous proapoptotic activity (8) . NSs, like Reaper and the Drosophila prodeath factor Grim, contribute to apoptotic induction by blocking the synthesis of short-lived survival factors like DIAP1 (8, 26, 65) . The proapoptotic activities of Reaper and Grim are also attributed to direct the antagonism of DIAP1 through binding and destabilization (24, 58) . Similarly, Drosophila prodeath HID, Sickle, Jafrac2, and other factors, including Omi, D. melanogaster, IKε, and Hippo (7, 23, 32, 44) , degrade DIAP1 or regulate its activity. Thus, these IAP antagonists are additional host factor candidates that may contribute to FHV-induced DIAP1 depletion (Fig. 8) .
Black beetle virus, an alphanodavirus closely related to FHV, inhibits host protein synthesis by a mechanism involving a direct competition between viral and host mRNAs for limited translational machinery (18) . Due to the relative abundance of FHV messenger-active RNA (1, 48) , an FHV shutdown of host protein synthesis could involve a similar competition. Greasy grouper nervous necrosis virus, a fish betanodavirus, also induces apoptosis (22) . The proapoptotic activity of greasy grouper nervous necrosis virus is linked to capsid precursor ␣. Thus, a comparison of nodavirus gene products and their capacities to affect host protein synthesis or cellular IAP levels should provide insight into the mechanisms promoting nodavirus-induced apoptosis.
Invertebrate IAP proteins as sensors of virus infection. Our study suggests that DIAP1 functions as a critical sensor of FHV replication. By virtue of its short half-life, instability, and sensitivity to inactivation by diverse mechanisms, DIAP1 is well adapted to function as a general sentinel for virus infection. Moreover, DIAP1 has the regulatory activity necessary to initiate suicide in an attempt to eliminate the virus pathogen. Consistent with this role in host security, preliminary experiments indicated that the infection of Drosophila cells with the DNA baculovirus AcMNPV also depletes intracellular DIAP1 (K. Schultz, E. Settles, and P. Friesen, unpublished results). This depletion correlated with widespread apoptosis, which was suppressed by increasing intracellular levels of DIAP1. It will be of interest to assess the in vivo role of DIAP1 in affecting virus infection in Drosophila larvae and adults and to determine whether IAP proteins of other insects function similarly. It is relevant in this regard that apoptosis induced by mammalian reovirus is also associated with the depletion of cellular IAP proteins, including the caspase inhibitor XIAP (29) . Like that of FHV, the reovirus-mediated depletion of IAP proteins is accompanied by the activation of human initiator caspase-9, a DRONC homologue, and human effector caspase-3, a DrICE homologue. This interesting finding raises the possibility that IAP protein depletion may be a general mechanism for virus-induced apoptosis that extends to vertebrates.
Role of apoptosis in FHV multiplication and pathology. FHV represents the first alphanodavirus demonstrated to induce apoptosis in permissive cells. For some viruses, the premature loss of cell viability due to apoptosis severely limits virus yields (reviewed in references 43 and 56) . Surprisingly, apoptosis had little or no effect on FHV multiplication in DL-1 cells (Fig. 3) . Although the caspase inhibitor z-VAD-fmk and DIAP1 overexpression prolonged the survival of infected cells, there was no effect on the yield of infectious FHV within the first 24 to 48 h of infection (Fig. 1B, 3B , and 6B). Thus, caspase activity was not required for FHV multiplication. Indeed, significant virion maturation (49) indicated by the capsid cleavage of ␣ to ␤ was observed (Fig. 3A) prior to the morphological signs of apoptosis, indicating that the virus' life cycle is completed before the onset of cell death. Thus, apoptosis has little impact on virus replication events in cultured DL-1 cells. Interestingly, FHV also caused caspase-mediated apoptosis upon the inoculation of Schneider Line 2 (S2) cells (E. Settles and P. Friesen, unpublished observations), which are commonly used for studies of Drosophila apoptosis (16, 41, 42, 63, 66) . However, despite comparable levels of FHV production, S2 cells exhibited limited morphological changes, lower levels of intracellular caspase activity, and less DrICE processing than DL-1 cells (data not shown). The molecular mechanism responsible for this reduced response to FHV requires additional study.
It is likely that apoptosis plays a role in FHV-mediated pathology in infected insects. FHV is a potent pathogen of both Drosophila melanogaster and Anopheles gambiae adults, causing morbidity and mortality of from 50 to 100% in a dose-dependent manner (10, 19, 62) . FHV induces morphological defects during infection and is disseminated throughout the insect to diverse tissues, including the fat body, the midgut, muscle, and the head (9, 19) . These observations raise the interesting possibility that apoptosis facilitates FHV cell-to-cell spread, perhaps by the transport of FHV through apoptotic vesicles in a manner analogous to that of the invertebrate ascoviruses (4) . Further studies of nodavirus infections in flies and mosquitoes should provide important insight into the role of apoptosis in viral pathology and virus spread in insects that vector medically relevant diseases in humans.
